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Abstract Two wetland plant-sediment microbial
fuel cell systems (PSM1 and PSM2) and one wetland
sediment microbial fuel cell system (SM) were
constructed to investigate their electricity production
performance and the simultaneous migration and
transformation of arsenic and heavy metals in sedi-
ment and overlying water, arsenic and heavy metals
uptake by plants. The bioelectricity generation was
monitored for 175 days, and sediment samples were
collected at three time points (64, 125 and 200 days)
for the analysis. The results showed that plants
improved the efficiency of the electricity production
by the fuel cell system. The average output voltage
was: PSM1 (0.32 V)[ PSM2 (0.28 V)[ SM
(0.24 V)(P B 0.05).The electricity production of the
electrodes and the introduction of plants affected the
mobility and transformation of As, Zn and Cd in the
sediment, which contributed to their stability in the
sediment and reduced the release of these metals into
the overlying water column. The bioelectricity pro-
duction process affected the bioavailability of arsenic
and heavy metals in the sediment and attenuated metal
uptake by plants, which indicated the potential for
remediation of arsenic and heavy metals pollution in
sediment.
Keywords Wetland plant-sediment microbial fuel
cell  Bioelectricity generation  Arsenic and heavy
metals  Bioavailability
Introduction
Most global urban river sediments are severely
polluted with nutrients including nitrogen and phos-
phorus (Stortelder 1995; Duan et al. 2016; Noe et al.
2016), heavy metals (Audry et al. 2004; Deng and
Dong 2016), and refractory organics, such as poly-
cyclic aromatic hydrocarbon (PAH), polychlorinated
biphenyls (PCBs) (Sarria-Villa et al. 2016; Hung et al.
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2015). Heavy metals are the most prevalent pollutants
and are generally the most common and severe in
urban river sediments (Zhang et al. 2012; Islam et al.
2015). Kadhum et al. (2015) evaluated the metal
concentrations in the surface sediments of the Langat
River and found high levels for four heavy metals: Sn,
114 mg/kg; Cr, 21 mg/kg; Ni, 7.8 mg/kg; Cd,
0.59 mg/kg. In the past decade, the concentrations of
Pb, Zn, Cd, Cu and Cr have increased in sediments
from Swan Lake and Rongcheng Bay in the northern
Yellow Sea due to fluvial transport, direct domestic
discharge, industrial effluents and atmospheric depo-
sition (Huang et al. 2013). Methods for remediating
heavy metals in sediments include physical, chemical
and biological technologies (Nejad et al. 2018).
Physical and chemical methods, such as adsorption,
ion exchange and electrochemical treatment, may be
ineffective and/or very expensive. In contrast, biolog-
ical methods are widely employed because of the wide
range of available organisms for remediation and their
generally high efficiency for the removal of heavy
metals from sediment (Volesky and Holan 1995).
Microbial fuel cells (MFCs) are a novel technology
to produce electricity. The working principle is to
allow electrogenesis microorganisms to concentrate
on the anode surface, and under anaerobic conditions,
the microorganisms catalytically oxidize organic
compounds to produce electrons and protons. The
electrons are passed via an external circuit to the
cathode, and the protons are passed through a proton
exchange membrane to the cathode. MFC electricity
production involves five steps: substrate biological
oxidation, anode reduction, electronic transmission
through an external circuit, proton transfer and
cathode reaction. MFCs are widely used and have
the potential to simultaneously remediate contami-
nated sediment, wastewater and waste leachate while
generating electricity. Some researchers have exam-
ined heavy-metal treatment of wastewater usingMFCs
(Wang et al. 2008; Tandukar et al. 2009; Lefebvre
et al. 2013).
Heijne et al. (2010) used MFCs to recycle copper-
containing waste streams. They obtained copper
removal rates as high as 99.88% and formed pure
copper crystals on the cathode electrode. To investi-
gate the removal efficiency of zinc and cadmium in
wastewater, Abourached and coworkers established a
single-chamber microbial fuel cell and demonstrated
removal efficiencies of 90% and 97% for zinc and
cadmium from wastewater, respectively, and a power
density reaching 3.6 W/m2 (Abourached et al. 2014).
However, there is a paucity of research investigating
microbial fuel cells to remediate heavy metals in
contaminated soil and sediment. Wang et al. (2016)
constructed a soil MFC to remediate the contaminated
soil, and the electric field was generated from the
oxidation of the acetate at the anode. They obtained
the maximal voltage and power density of 539 mV
and 65.77 m W/m(2) in the soil MFC, and the soluble
Cu form and the total Cu contents from the anode to
the cathode increased, and the difference between
them kept growing over time. The electricity produc-
tion process of microbial fuel cells may affect the form
and valence state of heavy metals in sediment.
Altering the redox status affects the migration behav-
ior of heavy metals in sediments, so it is critical to
study the redox changes and effects on heavy metals of
microbial fuel cells during electricity production.
The purpose of this study is to innovate the wetland
plant-sediment microbial fuel cells (P-SMFC) and
probe the bioelectricity generation by P-SMFC and the
effects on the transformation and mobility of heavy
metals in sediment in the bioelectricity production
process, so as to explore the potential for remediation
of heavy-metal pollution in sediment. In this study,
plant-sediment microbial fuel cells were constructed
and applied to remediate river sediments polluted by
heavy metals. The prevalent metalloid arsenic and
heavy metals (Cd and Zn) in the Pearl River Delta
sediment were selected to investigate their migration
and transformation in sediments within plant-sediment
microbial fuel cells (P-SMFCs). These heavy metals
were selected due to their different toxicity levels,
redox potentials, and chemical interactions with
sediments. Arsenic and cadmium are the most toxic
metalloid/heavy metal, while zinc is considerably less
toxic. Meanwhile, the electricity performance of
contrasting fuel cell systems (with and without plants)
was evaluated over a 175 day period.
Materials and methods
Experimental layout
The three experimental devices were tested, as shown
in Fig. 1, including a plant-sediment system (PS),
sediment microbial fuel cell (SMFC) and wetland
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plant-sediment microbial fuel cell (P-SMFC). Each of
them was constructed using a polymethyl methacry-
late (acrylic) cylinder (40 cm inner diameter, 40 cm
height) with a sediment depth of 15 cm and overlying
water (50 mM NaCl solution) depth of 5 cm. Sedi-
ments were collected from Guangzhou Chebei River
(a branch of the Pearl River in the Guangzhou urban
area) and mixed with mine-tailing soil (collected from
the Qingxin gold mining area) in a 100:1 proportion.
The physical and chemical properties of the mixed
sediment are shown in Table 1. Two pieces of square,
activated carbon fiber felt (100 cm2 projected surface
area) were used as the anode, which was placed
7–8 cm in the sediment from the bottom of the reactor.
The activated carbon fiber felt was pretreated with
acetone and nitric acid (Zhu et al. 2011). A graphite
disk (10 cm diameter and 1 cm thickness) was used as
the cathode, which was suspended on the overlying
water surface with nylon mesh.
Cyperus alternifolius and short leaf Cyperus
malaccensis were planted in the sediment 10 cm from
the anode to form the P-SMFCs. The two electrodes
were connected to a 1000 X external resistance using
copper wire. The experimental design consisted of five
treatments: two plant-sediment microbial fuel cell
treatments (C. alternifolius ? electrode treatment
PSM1 and a short leaf C. malaccensis ? electrode
treatment PSM2); one sediment microbial fuel cell
treatment (SM); and two treatments with plants but
without connected electrode, one was C. alternifolius
with no electrode (PS1) and the other was short leaf C.
malaccensis with no electrode (PS2). Each of the five
treatments was conducted in triplicate. All experi-
ments were carried out outdoors under ambient
conditions with no supplemental addition of nutrients.
Analytical methods
The voltage across the resistance (R = 1000 X) was
measured and recorded every 180 s over 175 days
using a data acquisition system (Model 2700, Keithley
Inc., Solon, OH, USA). The current density (I, mA/m2)
and power density (P, mW/m2) were normalized to the
anode projected area (S = 0.01 m2) and calculated as
I = U/RS and P = IU, where U is the voltage (V) and
R is the resistance. The polarization curves and power
density curves were obtained by varying the external
resistance from 90,000 to 50 X, as described by Logan
et al. (2006). The system internal resistance was
estimated from the slope of the linear segment of the
polarization curves.
After 64, 125 and 200 days of operation, sediment
samples (0–10, 10–20 and 20–30 cm from the anode)
and the overlying water were collected. The water
samples were filtered through a 0.45-lm microporous
membrane filter prior to metal quantification. The
Fig. 1 Schematic diagrams of the three types of devices and their basic processes
Table 1 Physical and chemical properties of the initial sediment
Moisture
content (%)
Organic
matter (g/kg)
NHþ4
(mg/kg)
NO3
(mg/kg)
TP
(g/kg)
As
(mg/kg)
Zn
(mg/kg)
Cd
(mg/kg)
Sediment 59.6 27.9 85 57 1.5 234 156 1.4
123
Environ Geochem Health (2019) 41:2157–2168 2159
sediment samples were air-dried at room temperature,
ground in an agate mortar and sieved through a
149-lm sieve. The total Cd and Zn concentrations
were determined by HNO3–HF–HClO4 digestion in
sealed Teflon vessels (Dalman et al. 2006). The
concentrations of Cd and Zn were determined by
graphite-furnace atomic absorption spectrophotome-
try and flame atomic absorption spectrometry (Z-200,
Hitachi Limited, Japan), respectively. The detection
limits for Cd and Zn were 0.01 and 0.005 lg/L,
respectively.
The total arsenic concentration in the sediment
samples was determined using an aqua regia digestion
(Das et al. 2004). Solid-phase As was further frac-
tionated into four operationally defined fractions using
the BCR sequential extraction method (Baig et al.
2009). In brief, the sequential extraction method was
the following: (1) acid-soluble fraction: 1 g of sample
in 40 mL of 0.11 M CH3COOH, shaking time of 16 h
and centrifugation; (2) reducible fraction: 40 mL of
0.5 M NH2OH–HCI (pH = 1.5), shaking time of 16 h
and centrifugation; (3) oxidizable fraction: 10 mL of
30% H2O2, heating at 85 C for 1 h (twice); then,
addition of 40 mL of 1 M CH3COONH4 (pH = 2),
shaking time of 16 h and centrifugation; (4) residual
fraction: 4 mL aqua regia (HCI/HNO3, 3:1) and
heating at 85 C for 1 h. The arsenic concentrations
were measured by atomic fluorescence spectrometry
(AFS-9130, Titan Instruments, Beijing) with a detec-
tion limit of 0.5 lg/L.
In the measurement process, in order to ensure the
quality of monitoring, the reagents selected in the
experiment were all pure reagents. Meanwhile, the
blank tests were carried out to eliminate the error
caused by the introduction of the reagent. Moreover,
according to Technical Specifications for Soil Envi-
ronmental Monitoring (HJ-T 166-2004, China) and
Technical Guidelines for Environmental Monitoring
and Analysis Methods Standard Revision (HJ-T
168-2010, China), in each batch of samples, parallel
double-samples were taken for quality control. The
indoor relative standard deviation of parallel double-
samples met the precision and eligibility range, with
30% for cadmium, 20% for zinc and 20% for arsenic.
In addition, the test value of the quality control
samples was within the guaranteed value of the quality
control sample (95% confidence level).
Before the system was running and after 200 days
of operation, plant (above-ground) samples were
collected and rinsed 2 * 3 times with deionized
water. The plant samples were heated at 105 C for
30 min, dried at 60 C for 24 h, mulled and sieved
through a 2-mm nylon mesh and reserved in a glass
bottle. The As, Cd and Zn concentrations in the plants
were determined by HNO3–HClO4 digestion in a
conical flask (Simmons et al. 2005; Yin et al. 2016).
Statistical analysis
Excel 2007 (Microsoft Inc., USA) was used for
recording and analyzing the raw data; Origin 8.5
(OriginLab, USA) was used to prepare the graphics.
SPSS (ver.19.0) (IBM Inc., USA) was used for all the
statistical analyses; all statistical analyses were eval-
uated at a P B 0.05 level of significance.
Results and discussion
Electricity production performance of P-SMFC
The voltage profiles for the P-SMFC and SMFC
treatments over the 175-day measurement period are
shown in Fig. 2. At the system startup, the open-circuit
voltages of the PSM1, SM and PSM2 treatments
immediately were 0.37, 0.30 and 0.41 V, respectively.
During the 175 days of operation, the three treatments
maintained a relatively stable electricity production in
the output voltage range of 0.20–0.50 V. Within
75 days of the system initiation, the PSM1, SM and
PSM2 treatments acquired a stable output voltage
followed by a considerable fluctuation with the
increasing time. This phenomenon may be explained
by the loss of microbially labile organic matter
surrounding the electrode due to microbial consump-
tion. The transfer of organic matter from the sediment
to the electrode may be variable over time, leading to
variations in the output voltage. Over the entire
experimental period, the maximum output voltages
of the PSM1, SM and PSM2 treatments were 0.69,
0.66 and 0.63 V, respectively. The average output
voltage was PSM1 (0.32 V)[ PSM2 (0.28 V)[ SM
(0.24 V) at P B 0.05, which demonstrates that plants
in the system increased the electricity production
performance of theMFC relative to the systemwithout
plants. Plant root exudates may provide an important
source of microbially labile carbon, leading to the
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increase in electrical production in the P-SMFC
treatments.
The performance of the PSM1, SM and PSM2
treatments is depicted by the power density curves and
polarization curves (Fig. 3). The plant treatments
(PSM1 and PSM2 treatments) effectively enhanced
the electricity generation. The open-circuit voltages of
PSM1 and PSM2 were 0.721 and 0.716 V, respec-
tively, and the maximum power densities of PSM1 and
PSM2 were 10.74 and 10.05 mW m-2, respectively,
which were far greater than those for the SM treatment
(0.661 V and 7.90 mW m-2). Previous research has
demonstrated that plants increased the output power
density to seven times higher than that of sediment
microbial fuel cells without plants (Dalman et al.
2006). Further, there was no effect on the plant growth,
which effectively addressed the traditional sediment
microbial fuel cell loss of organic matter transfer over
time (Schamphelaire et al. 2008). The internal resis-
tances of PSM1, SM and PSM2were 602, 498 and 636
X, respectively (Fig. 3). The internal resistances for
the PSM1 and PSM2 treatments were significantly
(P B 0.05) higher than that of the SM treatment,
which indicated that plants can increase the internal
resistance of the system.
Influence of the P-SMFC electricity production
on arsenic dynamics in sediments
The concentrations of total arsenic at each sampling
point (distance from anode = 0–10 cm, 10–20 cm and
20–30 cm) for each treatment and sampling time are
reported in Fig. 4. The arsenic concentrations for all
the treatments significantly decreased at each sam-
pling point with the increasing time. Moreover, the
PS1 and PS2 treatments decreased faster than the
PSM1, SM and PSM2 treatments. After 64 days (T0
time point), the total As concentrations were not
significantly different among the treatments. In con-
trast, at 125 and 200 days (T1 and T2 time points), the
total As concentrations of the PS1 and PS2 treatments
were significantly lower than that of the PSM1, SM
and PSM2 treatments, but there was no significant
difference between the PSM1, SM and PSM2 elec-
trode treatments (Fig. 4a). With increasing time, the
total As concentrations for all treatments were signif-
icantly lower at the 10–20 cm distance from the anode
than at the 0–10 cm distance; there was no significant
difference among treatments (Fig. 4b). The treatments
with plants had higher As concentrations at 20–30 cm
-25 0 25 50 75 100 125 150 175 200
0.00
0.25
0.50
0.75
0.00
0.25
0.50
0.75
0.00
0.25
0.50
0.75
t (d)
PSM2
U
 (V
)
SM
PSM1Fig. 2 Real-time voltage
curves
0 10 20 30 40 50 60
0
2
4
6
8
10
12  PSM1
 SM
 PSM2
Current density mA/m2
Po
w
er
 d
en
si
ty
m
W
/m
2
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
U
V
Fig. 3 Polarization and power density curves for the different
treatments. The solid represents polarization, and the hollow
represents power density
123
Environ Geochem Health (2019) 41:2157–2168 2161
than 10–20 cm, but lower concentrations than those
at the 0–10 cm distance: 0–10 cm[ 20–30 cm[
10–20 cm (Fig. 4c). Additionally, the total As con-
centrations at the 20–30 cm distance in the plant
treatments (PSM1, PSM2, PS1 and PS2) were all
higher than those in the SM treatment. This demon-
strates that the electricity production of the electrode
system inhibits the mobility of arsenic with the
increasing distance from the anode due to processes
occurring at the anode. In the distance of 20–30 cm,
the plant also inhibited the mobility of arsenic. The
arsenic concentrations were lower in the vicinity of the
anode because the electricity production process of the
anode inhibits the release/mobility of arsenic.
The total arsenic concentrations in the overlying
water column for each treatment and sampling time
are reported in Fig. 4d. The dissolved As concentra-
tions for the PS1 and PS2 treatments were significantly
higher than those for the PSM1, SM and PSM2
treatments. This is in agreement with the PS1 and PS2
treatments having significantly lower As concentra-
tions in the sediments. With the increasing time, the
labile As forms in the sediments decreased, resulting
in a concomitant decrease in the As concentrations in
the overlying water in the PSM1, SM and PSM2
treatments, possibly due to plant uptake. In addition,
other As removal processes, such as microbial immo-
bilization, methylation, release of volatile arsenic
hydride into the atmosphere and the oxidation of As
close to the anode of MFC, may further result in the
loss of As from the MFC systems (Peng et al. 2009;
Zhao et al. 2010; Lomax et al. 2012).
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Fig. 4 Concentrations of total arsenic in the sediment and
overlying water column (average of three replicates ± standard
deviation). Lower-case letters indicate significant differences
(P B 0.05) between the three sampling times for each treatment
(PSM1, PSM2, SM, PS1 and PS2). Capital letters indicate
significant differences (P B 0.05) between the treatments at a
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short leaf C. malaccensis
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Based on the analysis above, the operating fuel cell
systems resulted in a significant decrease in the arsenic
sediment contents in all the treatments; the concen-
trations decreased more quickly in the PS1 and PS2
treatments than that in the PSM1, SM and PSM2
treatments. The electrode electricity production pro-
cess was beneficial for immobilizing arsenic in the
sediments, which attenuated the arsenic release into
the overlying water column. The sediment arsenic
concentrations were lower as the distance from the
anode increased. Thus, the electricity production
process at the anode inhibits the release/mobility of
arsenic from the sediments and immobilizes As in the
sediment resulting in a lower mobility in the water
column and presumably a lower bioavailability.
After 200 days of fuel cell operation, the sediment
samples (0–10, 10–20 and 20–30 cm from the anode)
were analyzed to determine the changes in the solid-
phase As fractions in the sediment. While the total As
and residual arsenic contents in the sediments
decreased, at 0–10 cm from the anode (Fig. 5a), the
residual and oxidizable arsenic contents were signif-
icantly lower in the PS1 and PS2 treatments than that
in the PSM1, SM and PSM2 treatments. This finding
indicates that the electricity production process at the
electrode stabilizes more of the residual and oxidiz-
able As fractions. Previous studies have shown that the
oxidation–reduction potential plays an important role
in sediment adsorption and the release of heavy metals
(Fitz and Wenzel 2002). The increase in the oxidation
potential around the anode may result in arsenic
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oxidation around the electrode leading to higher
concentrations of the oxidizable arsenic fraction.
There were few significant differences among the
five treatments in the As fractions at distances of
10–20 and 20–30 cm from the anode (Fig. 5b, c).
Thus, as the distance from the anode increased, the
influence of the electrode was on the transformation of
various arsenic forms in the sediment decreased. At a
distance of 20–30 cm, i.e., the sediments closer to the
plants, the acid-soluble As fraction concentrations
followed the order: SM[ PSM1 = PSM2[ PS1 =
PS2. Possible explanations for this result include
plant absorption of acid-soluble arsenic and oxidation
of trivalent arsenite into pentavalent arsenate by
microbial communities in the plant rhizosphere
(Xiong et al. 2010; Lee et al. 2005).
In general, based on the operationally defined
sequential extraction method, the bioelectricity pro-
cess associated with the anode decreased the residual
arsenic fraction and increased the oxidizable As
fraction 0–10 cm from the anode. In the systems with
plants, at a distance of 20–30 cm, i.e., the sediments
closer to the plants, there was a small decrease in the
acid-soluble arsenic fraction, possibly due to the
uptake of this As fraction by plants.
Influence of the P-SMFC electricity production
on the zinc content in sediments
Zinc concentrations in the sediments for each treat-
ment and sampling time are reported in Fig. 6.
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Fig. 6 Total Zn concentrations in the sediment and overlying
water (average of three replicates ± standard deviation).
Lower-case letters indicate significant differences (P B 0.05)
between the three sampling times of each treatment (PSM1,
PSM2, SM, PS1 and PS2). Capital letters indicate significant
differences (P B 0.05) between the treatments at the same
sampling time. T0 = 64; T1 = 125 and T2 = 200 days. PSM1: C.
alternifolius ? electrode; PSM2: short leaf C.malaccen-
sis ? electrode; SM: electrode; PS1: C. alternifolius; PS2:
short leaf C.malaccensis
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showed similar patterns over time with a significant
decrease after 125–200 days (Fig. 6a, b). By
200 days, the Zn levels in the PSM1, SM and PSM2
treatments at the 0–10 and 10–20 cm sampling points
were significantly higher than those in the PS1 and
PS2 treatments. This indicates that the electrode
electricity production process immobilized the zinc
in the sediment near the electrode. The reasons for this
phenomenon may be that under anaerobic conditions,
the anode electricity production uses sulfate and
nitrate as the oxidant, which led to the formation of
sulfide precipitation and contributed to the stabiliza-
tion of heavy metals (Rabaey et al. 2006).
At the 20–30 cm sampling point, the differences in
the zinc contents in the sediments among the treat-
ments were not significant except for SM (Fig. 6c).
The relationship between the dissolved zinc
concentrations in the overlying water and the fuel cell
operating time is shown in Fig. 6d. The dissolved Zn
concentrations increased with time and were higher in
the systems without plants but not significantly higher.
Based on these analyses, the electrode electricity
production process contributed to the stability of the
zinc in the sediment, and as the distance from the
anode increased, the zinc immobilization effect in the
sediments decreased.
Influence of the P-SMFC electricity production
on cadmium content in sediments
The total Cd content at the 0–10 cm distance was
significantly higher in the fuel cell treatments (PSM1,
SM and PSM2) than in the non-fuel cell treatments
(PS1 and PS2) at all three sampling times (Fig. 7a).
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Fig. 7 Total Cd concentrations in the sediment and overlying
water (average of three replicates ± standard deviation).
Lower-case letters indicate significant differences (P B 0.05)
between the three sampling times for each treatment (PSM1,
PSM2, SM, PS1 and PS2). Capital letters indicate significant
differences (P B 0.05) between the treatments at the same
sampling time. T0 = 64; T1 = 125 and T2 = 200 days. PSM1: C.
alternifolius ? electrode; PSM2: short leaf C. malaccen-
sis ? electrode; SM: electrode; PS1: C. alternifolius; PS2:
short leaf C. malaccensis
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This demonstrates that the electrode electricity pro-
duction process attenuated the loss of Cd from the
sediments near the electrode. There were no signifi-
cant differences between the treatments at the dis-
tances of 10–20 cm and 20–30 cm in the sediments
(Fig. 7b, c), which indicated that the effects on the
electrode processes were limited to the soil mass
closest to the electrode, i.e., similar to Zn.
The dissolved Cd concentrations in the overlying
water followed a pattern similar to that of the dissolved
Zn (Fig. 7d). The dissolved Cd concentrations slowly
increased with the processing time, and after
200 days, the SM treatment was generally lower than
the plant-based treatments (PS1, PS2, PSM1 and
PSM2).
Based on these analyses, the effects of the electrode
electricity production are evident on the immobiliza-
tion of Cd in the sediment in the vicinity of the
electrode and decrease the release of Cd from the
sediment into the overlying water.
Influence of the P-SMFC electricity production
on the uptake of arsenic and heavy metals by plants
The As, Zn and Cd contents of plant tissues from the
different treatments and pretreatment plants (P1 and
P2) are reported in Fig. 8. The results show that the As
and Zn concentrations in plant tissues increased
(Fig. 8a, b), while the Cd concentrations decreased
(Fig. 8c) during the experimental period. As and Zn
accumulated in the plants during the experiment
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Fig. 8 Concentrations of As, Zn and Cd in plant tissues from
the different treatments (average of three replicates ± standard
deviation). Lower-case letters indicate significant differences
(P B 0.05) between treatments. P1: initial metal concentration
inC. alternifolius; P2: initial metal concentration in short leafC.
malaccensis; PSM1: C. alternifolius ? electrode; PSM2: short
leaf C. malaccensis ? electrode; PS1: C. alternifolius; PS2:
short leaf C. malaccensis
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because of the higher levels of As and Zn in the
sediments, while Cd was present at low levels in the
sediments. In addition, possibly, the plants were from
an environment with higher levels of Cd concentra-
tions, but this was not identified in this study.
All the plants in the treatments without electrodes
(PS1 and PS2) accumulated (P B 0.05) higher levels
of As and Zn than the P-SMFCs treatments (PSM1 and
PSM2) by the end of the experiment (Fig. 8a, b), while
the accumulation of Cd was not significant (Fig. 8c).
The results show that the electrode electricity produc-
tion process reduced the plant absorption of As and Zn
from the sediments. In accordance with the discussion
above, the electrode electricity production contributed
to the stabilization and immobilization of As, Zn and
Cd in the sediments, which decreased their bioavail-
ability for wetland plants and release into the overly-
ing water column.
Conclusions
The plants in the P-SMFC systems improved the
bioelectricity production and efficiency. The average
output voltages of the treatments were PSM1
(0.32 V)[ PSM2 (0.28 V)[ SM (0.24 V) (P
B 0.05). The enhanced electricity production in the
presence of plants is likely due to the higher levels of
labile carbon associated with rhizosphere processes
(e.g., plant exudates). The electricity production
process resulted in the stabilization and immobiliza-
tion of As, Zn and Cd in the sediments. The process
increased the arsenic residual and oxidizable fractions,
which demonstrated the redox transformation that
occurred near the electrode. The effects of the
electrode electricity process on the transformation of
heavy metals were evident in the sediments within
10 cm or less of the anode, while the effects were
diminished at greater distances. In the overlying water
column, the dissolved As, Zn and Cd concentrations
were lower in the fuel cell treatments (PSM1 and
PSM2) than in the non-fuel cell treatments (PS1 and
PS2). Furthermore, the plant tissues generally accu-
mulated lower levels of As and Zn contents in the fuel
cell treatments (PSM1 and PSM2) than in the non-fuel
cell treatments (PS1 and PS2). The bioelectricity
production enhanced the heavy-metal retention in the
sediments and decreased the bioavailability of heavy
metals, which indicates the potential use of P-SMFCs
for the remediation of heavy-metal pollution in
sediments.
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